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Abstract 
  
The development of novel electromagnetic materials for various applications largely depends on 
ferrite composites with optimal combination of constituent elements. The evaluation of their dielectric 
and magnetic properties is important in understanding the physical properties and potential for specific 
use. In this work, permittivity and permeability spectra of composite materials based on granulated 
soft magnetic Mn-Zn and Ni-Zn ferrites in paraffin, polyvinyl acetate glue and silicone sealant 
matrices were investigated for different ferrite phase concentrations and ferrite granule sizes. Mn-Zn 
ferrites are characterized by a relatively large conductivity and their composites show unusual 
behavior for the real part of the permittivity which can be essentially higher than the values observed 
for bulk ferrite samples, especially at low frequencies. The permittivity spectra also demonstrate a 
strong frequency dispersion which is not seen for bulk ceramic ferrites. Ni-Zn ferrite composites with 
very large electrical resistance do not show these effects and their microwave properties are consistent 
with the behavior of the constituent phases. The observed permittivity enhancement is explained on 
the basis of the conductive properties of the ferrite granules and the equivalent capacitance effect. The 
effective permittivity calculated from an equivalent capacitor circuit gives a qualitative agreement 
with the experimental data at lower frequencies. However, the origin of the frequency dispersion 
remains unclear. The developed composites have a potential for applications in broadband absorbers 
since they combine magnetic and electric losses along with a strong frequency dispersion of the 
permittivity.  
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1 Introduction 
 
Rapid progress in telecommunication and electronics requires control over the electromagnetic 
radiation to maintain the electromagnetic compatibility and safety in the microwave frequency range. 
The problems of electromagnetic interference (EMI) are becoming of priority importance in our daily 
life. There is a continuous search for electromagnetic materials which provide efficient shielding and 
absorption of electromagnetic waves [1-4]. Such electromagnetic materials generally fall into two 
categories: dielectric composites with conductive fillers and with magnetic fillers. The magnetic 
composites may have some advantages associated with material thickness and working frequency 
bandwidth. The magnetic fillers used in such composites are ferrite materials, such as spinel ferrites 
and hexaferrites. The magnetic composites can be also designed to meet many practical needs by 
tailoring their effective electromagnetic response [5-8].  
Soft magnetic Ni-Zn ferrites have been used in various electronic devices and electromagnetic 
applications that require a high magnetic permeability, such as inductors and electromagnetic wave 
absorbers. Current interest is to make micro and nano sized Ni-Zn ferrite particles in order to reduce 
the energy losses associated with bulk powders [6]. Mn-Zn ferrite of a spinel type is also a soft 
magnetic material having a high permeability at frequencies below 100 MHz. Low values of the 
magnetic anisotropy of some types of this ferrite limit the resonance frequency of the magnetic 
resonance by 100 MHz [9, 10]. However, in ferrite composites the permeability spectra are much 
broader and the magnetic losses give substantial contribution to the microwave absorption up to the 
frequencies of tens gigahertz. Mn-Zn ferrites have a relatively high value of the electric conductivity, 
which can be also used to design effective high frequency dielectric properties of their composites.  
The dielectric behavior is one of the most important properties of ferrites, which strongly depends 
on the preparation conditions, e.g. sintering time, temperature, type and quantity of additives [11, 12]. 
In this work, we have investigated granulated Mn-Zn and Ni-Zn ferrites in various dielectric matrices 
which may have unusual spectra of the effective permittivity associated with the conducting properties 
of ferrite granules. A number of mixing formulas [13] were used in attempt to explain enhancement 
and strong frequency dispersion of the effective permittivity. However, a standard effective medium 
approach does not provide a mechanism for the permittivity enhancements in ferrite composites. A 
qualitative agreement with the experimental data at lower frequency band can be obtained on the basis 
of an equivalent capacitor circuit [14, 15]. However, the observed strong dispersion of the permittivity 
of Mn-Zn ferrite composites is not clear. On the other hand, the observed frequency dispersion could 
be very important to design broadband microwave absorbers so further research into this type of 
magnetic composites is needed.  
 
2. Experimental  
 
Composite materials based on soft magnetic Mn-Zn and Ni-Zn ferrites in paraffin,  silicone sealant 
and polyvinyl acetate glue matrices were prepared with the use of granulated ferrite powders of grades 
700NM, 2000NM and 1000NN with the following chemical compositions: Mn0.58Zn0.26Fe0.16Fe2O4, 
Mn0.676Zn0.227Fe0.097Fe2O4 and Ni0.32Zn0.68Fe2O4 , respectively. The ferrite materials were obtained by 
standard ceramic technology. The mixture of initial oxides Fe2O3, ZnO and NiO or MnO2 were used as 
starting materials. After crushing in the rotary mill, the mixture was calcined at 900-1100 °C 
depending on the composition in order to produce ferrite powders. The synthesized powders were 
comminuted in the vibration mill with the addition of 1 wt.% of a doping agent in the form of 
powdered bismuth oxide. Bismuth oxide, as a low melting additive, activates sintering, thus forming a 
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dielectric interlayer along the grain boundaries [16]. The ferrite powders were also used to prepare the 
reference samples for composite evaluation. The prepared ferrite powders were placed in the 
granulator on the rotating substrate and a plastering agent consisting of 5 % of polyvinyl alcohol in 
water was sprayed over in the amount necessary for the agglomeration of small particles. At wetting, 
due to the capillary effect the powder is densified and balling up forming granules of different size, 
which are separated into fractions using the grading screen. The smallest granule size was below 45 
microns and the largest grains were between 500 and 630 microns. The granules had a shape close to 
spherical, the average size of the individual particles in the granules is about 2-3 microns. Figure 1 
shows a typical SEM micrograph of the granulated powders where individual particles can be 
distinguished.  
The composite samples were characterized by the ferrite granule size and their concentration. The 
mixture of the dielectric material and granulated ferrites in the needed proportion was heated in a 
ceramic saucer with continuous stirring. After some cooling and partial solidification the mixture was 
delivered to the moulds of the required shape (toroids, discs and plates). After complete solidification, 
the composite sample was taken out of the mould. The sample size can be refined by polishing. The 
concentration of ferrite filler varied from 60 to 80 wt.%.  
 
  
Figure 1: SEM for granulated 2000NM ferrite powder with a particle size <45 microns 
  
The complex permittivity ߝ and permeability ߤ were measured by different methods depending on 
the frequency band. In the frequency range 0.3-1300 MHz the measurements were performed using 
Obzor-103 meter of complex transmission coefficients. In the frequency range of 1 MHz – 3 GHz the 
impedance method was used with the help of Impedance/Material Analyzer (Agilent E4991A). In the 
frequency range of 1-10 GHz a resonance method based on Panoramic standing wave coefficient 
meter of P2 series was used. The sample shape also depended on the frequency band and the 
measurement parameter. Thus, in the frequency range of 1 MHz – 3 GHz for ߝ-measurements the 
samples in the form of a disc of the diameter 15 mm and thickness of 1 mm were used, and for ߤ-
measurements the toroidal shaped samples with the outer diameter of 8 mm, inner diameter of 3.1 mm 
and thickness of 1 mm were prepared. In the high frequency band of 2-10 GHz, rod-shaped samples 
were used with the cross-section area of 1 mm2 and length of 100 mm. In the low frequency band of 
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0.3-1300 MHz the samples in the form of coaxial washers with a cross section of 16 × 6.95 mm2 were 
used.  
 
 
Figure 2: Permeability spectra for (a) pure Ni-Zn ferrite ceramics 1000NN; and (b) its composite in 
paraffin (ferrite filler mass concentration Cm = 89 wt.%, granule size 200 microns). The 
curves marked by 1 and 2 correspond to real and imaginary parts, respectfully.  
3. Experimental Results  
 
We studied the permittivity and permeability spectra of Mn-Zn and Ni-Zn ferrite composites for 
different mass concentrations Cm and ferrite granule sizes. The typical spectra of the permeability for 
Ni-Zn ferrite and its composites are shown in Figs. 2, 3 and exhibit a Snoek-type behavior [17]. 
 
 
Figure 3: Magnetic permeability (real and imaginary parts) of composites of Ni-Zn ferrite 
1000NN granules in paraffin for different ferrite concentrations in wt.%: 1 – 60, 2 – 78.5, 3 – 87.7. 
 
It is seen that the permeability spectra of composites samples are much broader: the frequency 
where the imaginary part has a maximum sifts to 100-400 MHz. Similar behavior of the permeability 
was observed for Mn-Zn ferrite 2000NM ceramics and their composites in silicone sealant matrix as 
shown in Fig. 4. 
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Figure 4: Permeability spectra for (a) Mn-Zn ferrite ceramic 2000NM; (b) its composite in silicone 
sealant (filler concentration Cm = 80 wt.%, granule size <45 microns). The curves marked by 
1 and 2 correspond to real and imaginary parts, respectfully.  
 
Figure 5 presents the results for the permittivity spectra of Ni-Zn ferrite and its composites. It is 
seen that the dispersion is stronger in the ceramic samples but at frequencies higher than 10 MHz the 
permittivity values of composite samples are proportionally lower than those for pure ceramics.  
Figures 6, 7 show the experimental spectra of the real part of the permittivity of the Mn-Zn ferrite 
composites with silicone sealant matrix in comparison with the permittivity of the matrix and bulk 
ferrites. For higher mass concentration the composites have enhanced permittivity values comparing to 
those of pure ferrite. This effect is stronger for lower frequencies and higher concentrations. We can 
also notice that the permittivity of composites shows a frequency dispersion which is not seen for pure 
materials in the GHz frequency range. The permittivity is also higher for composites with larger 
granules. Such enhancement was not observed in Ni-Zn ferrite composites (compare with Fig. 5) 
which differ by much higher value of the electrical resistivity. 
 
 
 
   
Figure 5: Permittivity spectra for (a) Ni-Zn ferrite ceramic 1000NN; (b) its composite in paraffin 
(ferrite filler concentration Cm = 89 wt.%, granule size 200 microns). The curves marked by 1 
and 2 correspond to real and imaginary parts, respectfully.  
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           (a)                                                                                           (b) 
 
Figure 6: Permittivity spectra of Mn-Zn ferrite 2000NM composites with silicon sealant matrix for 
different ferrite granule sizes: 3 – <45 μm, 4 – 45-100 μm and 5 – 100-200 μm; and different mass 
concentrations: (a) Cm = 40%, (b) Cm = 70%. For comparison the data for the matrix (1) and pure 
ceramic ferrite (2) are given.  
 
  
 
(a)                                                                                                (b) 
Figure 7: Permittivity spectra of Mn-Zn ferrite 2000NM composites with silicon sealant matrix for 
different ferrite granule sizes: 3 – <45 μm, 4 – 45-100 μm and 5 – 100-200 μm; and different mass 
concentrations: (a) Cm = 75%,  
(b) Cm = 80%. For comparison the data for the matrix (1) and pure ceramic ferrite (2) are given.  
 
The results on permittivity spectra of composites with ferrite fillers of brand 700NM and with 
various type of dielectric matrix demonstrate a similar behavior. 
 
4. Discussion 
 
The permeability spectra of both Mn-Zn and Ni-Zn ferrite composites show an expected behavior 
with a much broader frequency dispersion in comparison with pure ferrite spectra. This is caused by a 
wide distribution of the ferromagnetic resonance frequencies due to demagnetizing fields at particle 
and granule boundaries. The permeability peak at low frequencies associated with the domain wall 
resonances also disappears in composite spectra. 
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The most interesting results are obtained for the permittivity of Mn-Zn composites which is 
enhanced in comparison with bulk ferrites. It also shows a frequency dispersion not seen in pure 
materials. The use of standard effective medium mixture approaches such as the Maxwell-Garnett and 
Bruggeman formulas [13] does not produce the increase in permittivity values in comparison with the 
constituent materials. Generally, in almost all well-known effective medium models, the predicted 
values of the composite permittivity are in the range between the weighted arithmetic average and 
harmonic average of the constituents. The permittivity spectra of Ni-Zn ferrite composites are within 
these levels. Since Ni-Zn ferrites have a much lower conductivity it was assumed that the 
enhancement effect is related with the conducting properties. It is well known that composites with 
conducting nanogranule fillers (such as Al) can be designed to have a high permittivity [18].  
The permittivity dispersion depends also on the granule size which is more profound for Mn-Zn 
ferrite composites. This can be related with deviations from a spherical form with increasing the size 
and change in the conditions of particle interactions. In particular, increasing the aspect ratio of 
conducting particles results in increase in the permittivity [19, 20].  
To explain the increase in permittivity of Mn-Zn ferrite composites having granules with 
semiconducting properties, the model of equivalent capacitor circuits is proposed. As shown 
previously [14-15], the capacitance of the system depends strongly on the distance between the 
particles of conductive fillers. In this work, the model has been extended to include the complex-
valued permittivity and conductivity of the filler material. Figure 8 demonstrates the application of this 
model to the two-component system. The unit cell of the composite system of the linear size ܮ is 
depicted in Fig. 8a with a ferrite granule of a cubic shape with the size ܦ in the center. The unit cell is 
divided into three areas represented by the corresponding capacitances ܥଵǡ ܥଶǡ ܥଷ in the equivalent 
circuit shown in Fig. 8b. The ferrite granule is characterized by the permittivity ߝଵ and resistance ܴ ൌ
ߩȀܦ, where ߩ is the ferrite resistivity. The matrix has a permittivity ߝଶ. Then, the equivalent 
capacitances are determined as  
 
ܥଵ ൌ ߝଵܦ,  ܥଶ ൌ ߝଶ ஽
మ
௅ି஽ ,  ܥଷ ൌ ߝଶ
௅మି஽మ
௅     
 
 
Figure 8: Schematic representation of a two component (two phase) medium: (a) inclusion of phase 1 
into the matrix, (b) Equivalent circuit. 
 
The effective permittivity is found from the condition that the impedance ܼ௖ of the circuit of Fig. 
8b equals to the impedance ܼ ൌ െ݅Ȁ߱ߝܮ of a homogeneous cell with the effective permittivity ߝ: 
ߝ ൌ െܼ݅௖ܮ߱ 
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Here ݅ is the imaginary unit and ߱ is the angular frequency. The cell impedance is written using 
the ferrite volume concentration ݌ ൌ ሺܦȀܮሻଷ: 
ͳ ܼ௖Τ ൌ ͳ ܼ௟௘௙௧Τ ൅ͳ ܼ௥௜௚௛௧Τ  
ܼ௟௘௙௧ ൌ
െ݅
ܮ ቎൬
ߩ
݌ଵȀଷ
ͳ
ሺ߱ߝଵߩ െ ݅ሻ൰ ൅ ቌ
ሺͳ െ ݌ଵଷሻ
߱ߝଶ݌
ଶ
ଷ
ቍ቏ǡܼ௥௜௚௛௧ ൌ
െ݅
ܮ ቎
ͳ
߱ߝଶሺͳ െ ݌
ଶ
ଷሻ
቏ 
 
When the concentration is increased, the value of the effective permittivity calculated from the 
equivalent capacitance circiut increases much faster than that obtained from standard mixing formulas.  
Applying this approach to the Mn-Zn ferrite composites does make it possible to explain the 
enhancement effect but we still have difficulties in understanding the frequency dispersion of the 
permittivity in composites at GHz frequencies.  
Figure 9 compares the experimental and modeling results for different concentrations. It is seen 
that in both cases of low and high concentrations the model qualitatively explains the increase in the 
permittivity for composites in comparison with bulk materials. However, the observed frequency 
dispersion is not explained. The model can be refined to take account of the delay in capacitor 
recharging at higher frequencies which should result in the permittivity drop. To estimate the effect of 
capacitor recharging, the conductivity of ferrite particles is needed, however, there are no reliable data 
on conductivity. The specific resistivity of Mn-Zn ferrites is in the range of 0.5-7 Ωm for grade 
2000NM and 5-20 Ωm for grade 700NM. Using these data, the limiting frequency of the capacitance 
effect is in the range of 0.5-4 GHz. The upper limit of this frequency band is consistent with the 
frequencies where the permittivity drops (see Figs. 6,7).  
Conclusion 
The paper presents the results on the fabrication and electromagnetic evaluation of composites 
with granulated Mn-Zn and Ni-Zn ferrites. Unusual enhancement of the effective permittivity in Mn-
Zn ferrite composites with semiconductive granules has been observed and explained on the basis of 
the capacitance effect. These composites have a potential for designing broadband radio absorbing 
structures. 
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 Figure 9: Comparison of the experimental and modeling results for Mn-Zn ferrite composites for 
different concentrations Cm = 40% and 80%. For calculation, resistivity of 5 Ωm was used.  
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